Abstract There is evidence that conventional visual brain-computer interfaces (BCIs) based on event-related potentials cannot be operated efficiently when eye movements are not allowed.
Background
The designated goal of a brain-computer interface (BCI) is to establish a direct link from the brain to a machine, thereby circumventing motor behaviour. A popular approach in BCI research is the use of the event-related potential (ERP); that is, the brain response to an internal or external event such as a sensory stimulus. The neural processing of a sensory stimulus is associated with positive and negative ERP components that can be extracted from the electroencephalogram (EEG). Many ERP-based BCIs use the oddball paradigm, wherein attention to a rare sensory event enhances the amplitude of ERP components.
For more than 20 years, the Matrix Speller (aka P300 Speller) has been the backbone of research on ERP-based BCIs Content from this work may be used under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. [1] . Essentially, the Matrix Speller is a mental typewriter consisting of symbols laid out in rows and columns. The user attends to a particular symbol while rows and columns are intensified (highlighted) in a pseudo-random order. The attended symbol can be inferred from the modulations of the ERP. In the initial Farwell and Donchin study, healthy participants were able to communicate about 2.3 symbols/min. This was followed by numerous studies in which virtually all aspects of the paradigm have been subject to investigation and improvement, for instance classification techniques [2] [3] [4] , optimization of the intensification sequence and analysis of refractory effects [5] , variations in stimulus onset asynchrony (SOA) [6, 7] and new intensification types such as size enhancement and motion [5, 8, 9] . Furthermore, there have been reports of successful implementation in patients' home environments [10, 11] . The continuing interest in the Matrix Speller, as reflected in the sheer number of related publications, bears testimony to its significant impact on the research field.
This merit notwithstanding, recent evidence raised the question of whether a different speller design might be more useful for patients with severe oculomotor impairments. Several studies showed that the Matrix Speller is highly accurate only in overt attention mode; that is, when participants are allowed to fixate the target symbol with their eyes [12, 13, 18] . In a covert attention mode, wherein participants had to fixate the centre of the screen and covertly attend to the target letter in the visual periphery, classification performance deteriorated substantially. It is true that P300 amplitude might have been attenuated because of the difficulty of the task (i.e. participants had to fixate one location but attend to another location). Nevertheless, it was mainly the absence of early occipital components that led to the deterioration of classification performance. There is compelling evidence that these components are modulated by overt attention and exploited by classifiers [12] [13] [14] [15] 1 . There is no doubt that these components can be affected by mechanisms of top-down attention. For instance, as reviewed in [16] , the amplitude of P1 and N1 components following a visual stimulus is known to be enhanced when the stimulus is presented at the attended spatial location compared to a non-attended location. Moreover, [17] suggested that the N2pc component, a negativation arising 175-300 ms post-stimulus, is associated with the attentional selection of targets. Nevertheless, in a recent BCI study Frenzel et al [18] demonstrated that early occipital components are also substantially affected by bottomup processing at the locus of eye gaze. In their study, participants had to attend to a specific symbol in a 3 × 3 Matrix Speller. At the same time, they had to maintain fixation on either the same symbol as the attended symbol (overt attention) or on a different symbol (covert attention). An occipital N200 was observed when the fixated symbol was intensified, even in the covert attention condition where it was not the attended symbol. In contrast, a P300 was evident when the attended symbol was intensified, irrespective of whether or not it was fixated. In line with this, a classifier trained to detect fixated symbols did not detect attended symbols and vice versa. Concluding, Frenzel et al's study suggests that the occipital N200 component mainly indexes the locus of eye gaze and that the P300 mainly indexes the locus of attention.
The fact that efficient use of the Matrix Speller requires eye movement to some extent limits its scope to patients with intact or mildly impaired oculomotor control. Moreover, eye gaze can be assessed more directly by measuring the electrooculogram (EOG) or determining the direction of gaze using an eyetracker. Eyetrackers and EOG-based systems have been shown to be serious alternatives to the Matrix Speller. First, for eyetrackers a communication rate of about 10 words/min was obtained with healthy participants [19] . This is superior to the communication rate typically obtained with EEG-based Matrix Spellers, and even superior to the rate reported using invasive electrocorticography (average 17 symbols/min for one subject) [20] . Second, in a comparative study in which the Matrix Speller was contrasted with a system using four EOG electrodes, the communication rate using EOG was roughly five times higher than for EEG-based communication [21] .
Given the high accuracy and pace at which eye gaze can be inferred based on non-neural physiological signals, we believe that the primary field of visual BCI application is situations where these signals are unreliable, such as in patients with impaired eye movement (for a similar argument, see [22] ). One way to achieve this is to resort to other sensory modalities, since they are independent of eye gaze. Lately, significant advances have been made in non-visual modalities using auditory [23] [24] [25] or tactile [26] stimulation. Nevertheless, visual spellers remain an appealing branch of BCI research, worthwhile to be further pursued. There is evidence that the P300 component has a larger amplitude when elicited by a visual stimulus than when elicited by an auditory stimulus [27, 28] . In line with this, a comparative BCI study on different modalities using the oddball paradigm yielded high selection accuracy for visual stimuli (93%) but not for auditory (70%) and tactile stimuli (68%) [29] . Furthermore, communication using the visual modality is intuitive, because symbols are selected by allocating visual attention to them. With auditory or tactile approaches, mapping is more arbitrary, that is, the correspondence between a particular symbol and an auditory or tactile stimulus needs to be learned and remembered. However, one does not need to abandon the visual modality in order to establish a gaze-independent ERP speller. For instance, Sellers and Donchin showed earlier that non-spatial attention to one out of four sequentially presented words can be used to operate a visual speller [10, 30] .
The aim of this study was to use innovative speller design in order to realize high-accuracy, fast-paced visual BCIs that are independent of eye gaze. The starting point was our previous offline study, where we showed that a different speller design can alleviate some of the difficulties faced by the Matrix Speller [12] . In that study, we compared the performance of the Matrix Speller to the performance of an alternative speller called Hex-o-Spell. Based on the original Hex-o-Spell operated by motor imagery [31, 32] , the ERP Hex-o-Spell consists of six discs arranged in a circular fashion. The symbol selection process is broken down into two successive stages. At the first stage, each of the six discs contains a different quintet of symbols (e.g., the upper disc contains 'ABCDE'). Upon choice of a symbol group, the symbols of this group are expanded on the other discs and the target symbol can be chosen. In our previous study, offline classification in the covert attention condition revealed unsatisfactory accuracies for both spellers (40% for the Matrix Speller and 60% for the Hex-o-Spell). Nevertheless, the performance of the Hexo-Spell was 50% better than the performance of the Matrix Speller. We attributed this to the fact that the Hex-o-Spell features few large elements instead of many small elements as in the Matrix Speller, easing the deployment of covert attention and counteracting crowding and the decline of visual acuity in peripheral vision.
For this study, we revised speller design. In particular, the previous ERP Hex-o-Spell and virtually all other visual Intensification sequence for each of the spellers. In the Hex-o-Spell, discs were intensified by sizing them up and flashing them with a unique colour. In the Cake Speller, triangular faces were intensified by flashing them in a unique colour. In the Center Speller, elements were presented one after the other. Each element had both a unique colour and a unique shape. The time between subsequent onsets of intensifications was 200 ms. Each element was intensified for 100 ms. In the 100 ms gap after offset of the intensification and before onset of the next intensification, all elements were in their non-intensified state in the Hex-o-Spell and Cake Speller and the screen was blank in the Center Speller (not depicted in the figure).
spellers are not optimal in the sense that they are based on spatial attention alone. It is true that covert spatial attention is associated with a modulation of even early occipital components such as N1 and P1 (for more details, see [16] ). However, there are other forms of attention that can also be exploited by BCIs. For instance, humans can selectively attend to particular visual features such as colour and motion, a process called feature attention [33] . Roughly speaking, visual features are the building blocks of perceived objects and they are combined in a perceptual process called feature integration. A comprehensive theory on feature integration was presented by Treisman and Gelade [34] . Feature attention is non-spatial because it does not need to be deployed to a particular spatial location. To give an example, if one attends to the colour red and this colour is sufficiently different from the colour of other (distracter) items, a red object will 'pop out' irrespective of the location of the object in the visual field and irrespective of the number of distracters [35] .
To exploit both covert spatial attention and feature attention (in our case, attention to colour and attention to form), we created three enhanced variations of the ERP Hex-o-Spell presented in [12] . The spellers are schematically depicted in figure 1 . For each of the three spellers, participants traversed a calibration phase, a free spelling phase where a pre-defined sentence had to be spelled, and another free spelling phase where a self-chosen sentence had to be spelled. A separate classifier was trained for each speller. We based classification on linear discriminant analysis (LDA) with shrinkage of the covariance matrix. Shrinkage LDA (SLDA) was shown to be at least as good as stepwise LDA while being computationally more efficient [36] . The preliminary results of this study were published earlier [37] .
Methods

Participants
Thirteen participants (eight males and five females), aged 16-45 years (mean age 27), took part in the experiment. The second author was one of the participants, and another one participated in the precursor study [12] . The other participants were naïve with respect to BCIs. All but one were righthanded and they received money for their participation. All participants had normal or corrected-to-normal visual acuity. Normal colour vision in all but one participant was confirmed using the Ishihara colour vision test [38] . All participants gave written consent and the study was performed in accordance with the Declaration of Helsinki.
Apparatus
EEG was recorded at 1000 Hz, using a Brain Products (Munich, Germany) actiCAP active electrode system with 64 electrodes. We used electrodes Fp2, AF3,4, Fz, F1-10, FCz, FC1-6, T7,8, Cz, C1-6, TP7,8, CPz, CP1-6, Pz, P1-10, POz, PO3,4,7-10, Oz,1,2 and Iz,1,2, placed according to the international 10-10 system. Active electrodes were referenced to left mastoids, using a forehead ground. For offline analysis, electrodes were re-referenced to linked mastoids. All skinelectrode impedances were kept below 20 k . The bandpass of the hardware filter was 0.016-250 Hz. Concurrently with EEG recording, an Intelligaze IG-30 (Alea Technologies, Teltow, Germany) eyetracker, sampling at 50 Hz, was used to register eye movements. Stimuli were presented on a 19 TFT screen with a refresh rate of 60 Hz and a resolution of 1280 × 1024 px 2 . The eyetracker was mounted underneath the screen.
A photodiode was attached to the lower left corner of the screen in order to register the exact onset of the stimuli using a g.trigBox (Guger Technologies, Graz, Austria).
Stimuli
Visual stimulation was achieved using three variations of the ERP Hex-o-Spell introduced in [12] , see figure 1. It allows us to choose one out of 30 different symbols comprising the letters of the English alphabet, punctuation marks '.' and ',', a space symbol and a backspace symbol that could be used to erase the previous symbol. Hex-o-Spell is a two-stage speller, where a symbol group (e.g., 'ABCDE') is selected at the first stage. Upon selection of a group, the symbols of that group are expanded on the other discs so that, at the second stage, the target symbol can be selected. Also, at the second stage, the sixth symbol (top left) is empty. This symbol serves as a backdoor and it can be used to return to the group stage in case a wrong group was selected by the classifier.
The original Hex-o-Spell design was enhanced such that participants could use both covert spatial attention and feature attention for selecting symbols. The first variant is a straightforward extension of the Hex-o-Spell. It consists of six discs arranged in a circular fashion. Intensification is provided in form of a size enhancement. At the same time, the corresponding disc is flashed in a unique colour. In other words, participants can both covertly attend to the target disc's spatial location and/or attend to the colour associated with the target disc. When not intensified, all discs have a black background colour. The second variant, called Cake Speller, has a similar layout but instead of six discs it consists of six triangles joining to a hexagon. Analogous to the Hex-oSpell, each triangle is tagged by a unique colour. Participants can again use covert spatial attention and colour attention to focus on the target. We conjectured that this speller could outperform the Hex-o-Spell because each triangle extends to the central point of fixation, which should ease the deployment of covert spatial attention. In the third variant, called Center Speller, the discs were replaced by unique geometric shapes, each one having a unique colour. In contrast to the Hex-oSpell and the Cake Speller, shapes are presented centrally in a sequential fashion. We conceive of the selection process in the Center Speller as non-spatial (cf [10, 30] for earlier non-spatial paradigms). It is true that participants attend to the spatial location at which stimuli are presented. However, spatial attention alone enhances the response to all stimuli presented at the attended location, that is, both targets and nontargets. It is therefore the visual features (colours and shapes) that entail attentional selection.
In the Hex-o-Spell, the centres of the six discs were located at a distance of about 7.34
• of visual angle from the central fixation point. Each disc had a diameter of 5.67
• when not intensified and 6.80
• when intensified. In the Cake Speller, the side length of each triangle was 10.65
• . In the Center Speller, the sizes of the elements differed for the different shapes, triangle (side length 5.67
• ), bar (5. [39] , defined as (I max − I min )/(I max + I min ), was > 98% for all six colours. The duration of a single intensification was 100 ms and visual presentation was time-locked with the screen refresh. SOA, that is, the time between the onsets of subsequent intensifications, was 200 ms.
Procedure
Participants were seated in a comfortable chair at a distance of about 60 cm from the screen. This viewing distance was implicitly controlled by the limited operating range of the eyetracker (60 ± 10 cm). Instruction was given in both written and verbal forms. Participants were instructed to sit still, relax their muscles and try to minimize eye movements during the course of a trial. After EEG preparation and calibration of the eyetracker, they first completed a short standard oddball task. Subsequently, for each of the three spellers, participants traversed a calibration phase and two free spelling phases. The order of the spellers was counterbalanced across participants. In the calibration phase, they had to copy-spell the three words 'WINKT QUARZ FJORD'. There was no feedback and EEG was recorded for offline analysis.
After calibration and training of the classifier, the online phase commenced. Participants had to spell the sentence 'LET YOUR BRAIN TALK', including spaces. They were instructed to use the backdoor symbol if the classifier chose a wrong group, and to use the backspace symbol if a wrong symbol was chosen. If correction of a wrongly spelled symbol did not succeed after two attempts, participants were instructed to skip the current letter and proceed to the next one. In the second free spelling phase, participants were asked to conceive of a sentence containing about 20 symbols. Other than that, instructions were the same as in the previous free spelling phase.
Each trial (corresponding to a single symbol selection) started with a 5 s countdown. During the countdown, participants were allowed to move their gaze freely and memorize the target location and/or feature. The previously spelled letters were shown in a box above the speller. After the countdown, the intensification phase started, lasting for about 30 s in total. In order to ease the deployment of attention, participants were instructed to silently count the number of intensifications of the target symbol. For each of the two stages of the speller, ten sequences of intensifications were presented, whereby each sequence consisted of an intensification of each of the six elements, yielding a total of 10 × 6 = 60 intensifications per stage. The order of intensifications was randomized but there had to be at least two intermittent intensifications before a particular symbol was repeated.
For all three spellers, participants had to strictly fixate the centre of the screen while counting target intensifications. To assure proper fixation, eye movements were monitored online. If a fixation of a location other than the centre was detected during the stimulation sequence, a warning tone was presented and the trial was aborted and restarted with another 5 s countdown. All spellers were implemented in the open-source framework Pyff [40] using VisionEgg [41] and remote-controlled via MATLAB (The MathWorks, Natick, MA, USA). The spellers used in the present experiment and in previous studies are freely available in the Pyff repository (see http://bbci.de/pyff). Videos exemplifying each of the three spellers being operated in online mode are included as supplemental material available at stacks.iop.org/JNE/8/066003/mmedia.
Data analysis
For offline ERP analysis, the data were downsampled to 250 Hz and lowpass filtered below 49 Hz using a Chebyshev filter (with passbands and stopbands of 42 and 49 Hz, respectively). The data were sectioned into overlapping epochs ranging from −200 ms prestimulus to 800 ms poststimulus. The prestimulus interval was used for baseline correction.
For both online and offline classification, the data were downsampled to 100 Hz and no software filter was applied. Classification was based on LDA with shrinkage of the covariance matrix [36] . As spatial features, we considered all electrodes except for Fp2 and AF3,4, because the latter were unlikely to contribute substantially to classification of the ERP components of interest (i.e., occipital components and P300). For temporal feature selection, we used a heuristic searching for peaks in the point-biserial correlation coefficient sgn r 2 between targets and nontargets in the 100-700 ms poststimulus interval (see [36] for a more detailed description). Typically, between four and seven temporal windows were selected, and voltages were averaged within these windows. Occasionally, the intervals chosen by the algorithm were adjusted by the experimenter. After each choice of the intervals, crossvalidation was used to estimate classification performance. Training of the classifier and cross-validation was based on the calibration data obtained for each speller.
Results
Behavioral compliance
Participants had to fixate a central fixation dot in the case of the Hex-o-Spell and the Cake Speller, or the centrally presented symbols in the case of the Center Speller. As explicated in the methods section, a trial was aborted and restarted if the eyetracker detected a fixation away from the designated fixation point. Overall, behavioral compliance of the participants was high. The means and standard deviations of the percentage of aborted trials are 6.16% ± 4.81% (Hexo-Spell), 6.34% ± 4.67% (Cake Speller), and 2.05% ± 1.39% (Center Speller). An analysis of variance (ANOVA) revealed a significant difference in the percentage aborted trials across the different spellers (F = 4.88, p < .05). Tukey-Kramer post hoc tests showed that compliance was significantly higher (i.e. fewer aborted trials) for the Center Speller than for the other two spellers.These effects are probably due to the fact that the location of the fixation point and the location of the targets coincides for the Center Speller but not for the other two spellers. The difference between Hex-o-Spell and Cake Speller was not significant. Note that all aborted trials were discarded from ERP analysis and classification.
Event-related potentials
Statistical analysis of P3 latencies revealed significant effects of Speller (F = 5.82, p < .01) but not Electrode (p = .12). Speller × Electrode interaction was not significant (p = .67). Mean latencies, averaged across the three electrodes, were 356 ms (Hex-o-Spell), 375 ms (Center Speller) and 334 ms (Cake Speller). Tukey-Kramer post hoc tests revealed that latencies were higher for the Center Speller than for the Cake Speller. Other pairwise differences were not statistically significant.
Classification
Online classification results are depicted in figure 3(a) . Online selection accuracy for selecting one symbol out of 30 (chance level 3.3%) was 91.3% ± 2.6% for the Hexo-Spell, 88.2% ± 2.6% for the Cake Speller and 97.1% ± 1.5% for the Center Speller. To test whether there was a statistically significant difference between the performances of the spellers, we conducted a one-way ANOVA yielding a statistically significant effect of Speller (F = 3.87, p < .05). Tukey-Kramer post hoc tests revealed that the difference between the Cake Speller and the Center Speller is significant, but not the difference between the Center Speller and the Hexo-Spell. However, the latter might have been caused by a ceiling effect in the Center Speller.
In an offline analysis, we investigated classification performance as a function of the number of sequences (i.e. repetitions of the intensification). The results are depicted in figure 3(b) . As expected, performance increases sharply with the number of repetitions. A two-way ANOVA revealed an increase of accuracy with the number of sequences (F = 84.85, p < .001), and difference in overall accuracy for the three spellers (F = 42.92, p < .001). Interaction was not significant (p = .7). Tukey-Kramer post hoc tests showed that the Center Speller yields a significantly higher accuracy than both the Hex-o-Spell and the Cake Speller. 
Hex-o-Spell
Stimulus specific effects
The stimuli differ with respect to colour and location in the Hex-o-Spell and the Cake Speller, and with respect to colour and shape in the Center Speller. With the current experimental design, we are not able to fully dissociate the effects of different feature types and locations on classification. Therefore, a detailed analysis requires further investigations where the impact of the different features is systematically isolated. As a preliminary analysis, we calculated confusion matrices (i.e. the six-by-six matrix of true class versus estimated class) for each round of six stimuli. The normalized confusion matrices have been averaged across all participants. Figure 4 shows the diagonal of the confusion matrix, i.e. the rate of correct detections of each class of stimuli (upper panels) and the mean across the true classes, i.e. the percentage of selections of each class (lower panels). A one-way ANOVA performed on the detection rates revealed a significant effect of the target for Hex-o-Spell (F = 2.45, p < .05), but not for the Cake Speller (p = .08) and the Center Speller (p = .22). Figure 4 suggests that in Hexo-Spell and the Cake Speller, the magenta and grey coloured stimuli have been detected less accurately than the others. In the Center Speller, the magenta coloured hourglass was selected most often (false positives), while the grey coloured circle and the blue bar have been selected least often by the classifier.
Reduced electrode montage
To investigate the impact on performance of reducing the number of electrodes, we performed offline classification using different reduced montages. As before, temporal feature selection was based on peaks in the point-biserial correlation coefficient.
Five intervals were automatically selected. Except for this, the classification was analogous to online classification. We compared the full montage to six different reduced montages, four a priori (i.e. predefined) montages and two a posteriori (Best) montages that were determined in a data-driven manner. Two of the a priori montages were taken from the ERP-speller studies by Sellers and Donchin [10] and Liu et al [42] . In addition, we defined a Central montage, with electrodes located at frontal, central and parietal electrode sites, and an Occipital montage, with electrodes located at parieto-occipital and occipital electrode sites. The electrode sets are specified in table 1. The a posteriori montages Best-4 and Best-6 with four and six electrodes, respectively, were determined separately for each participant. We used an iterative procedure that, in the BCI field, was used as part of SWLDA for feature dimensionality reduction [1, 3, 43] and was used here for reduction of the electrode set. Electrode selection was based on the calibration data. For details on the algorithm, see [44] . Iz  I1  I2   F9   F7  F5  F3 F1 Fz F2 F4 F6 F8   F10   PO9   FC5 FC3 FC1 FCz FC2 FC4 FC6   PO10   T7  C5  C3  C1  Cz  C2  C4  C6  T8   TP7 CP5 CP3 The results, depicted in figure 5 , show that classification performance is high even when the number of electrodes is substantially lower than in the full electrode set. When only occipital electrodes are used, performance deteriorates substantially in the Hex-o-Spell and in the Cake Speller but it remains fairly stable in the Center Speller. This suggests that the occipital components in the Center Speller are more class discriminative than the components in the other two spellers. To substantiate these observations, we performed a two-way ANOVA. Main effects results were significant for both Montage (F = 9.49, p < .001) and Speller (F = 24.19, p < .001), but interaction was not significant (p = .86). Tukey-Kramer post hoc tests revealed that the Center Speller yields a better performance than the other two spellers. The Occipital montage gave significantly worse classification results than the other montages. The All montage performed significantly better than all other montages except for SelDon and Best-6. The differences between the other montages were not significant.
Discussion
Recent studies raised the question of whether a novel speller design might be more useful for patients with oculomotor impairments [12] . These studies left unanswered, however, whether visual spellers can be realized that operate independently of eye gaze. Proof of concept for this was first given in [37, 45] and was expanded on in this paper. We devised three variants of a gaze-independent speller operating by means of covert spatial attention and/or nonspatial feature attention. For each of the three spellers Hexo-Spell, Cake Speller and Center Speller, we obtained high selection accuracies during online spelling (91.3%, 88.2% and 97.1%, respectively). All participants were able to successfully operate each of the three spellers.
The neurophysiological analysis showed that the most prominent ERP component is the P300. In the Center Speller, we also consistently found a class-discriminative occipital N200. Similar early components were found for the Hexo-Spell and the Cake Speller in many participants, but they were highly variable across participants and hence did not surface in the grand average. Furthermore, the highest ERP amplitudes were achieved with the Center Speller where both target and nontarget elements were sequentially presented at a single spatial location. We conjecture that this might be a direct consequence of cortical magnification, which refers to the fact that a disproportionally large amount of neural tissue in visual cortex is devoted to the fovea, so that more neurons are recruited for visual processing [46] . If cortical magnification played a role, one would expect all ERP components, including those following nontarget intensifications, to be enhanced in the Center Speller. Indeed, the ERP plots in figure 2 show that nontarget amplitudes (grey curves) are roughly two times higher for the Center Speller than for the other two spellers. These results are compatible with Frenzel et al [18] who, using a Matrix Speller, reported clear N200 components only if the fixated symbol was intensified, irrespective of whether or not it was also the attended symbol.
Classification rates were higher for the Center Speller than for the other two spellers. Apart from the corticial magnification hypothesis, one might argue that the attention task was easier in the Center Speller because participants deployed attention to the same spatial location that they fixated with their eyes. This seems to be supported by the P300 amplitude being higher in the Center Speller than in the other two spellers. However, it is somewhat contradicted by the fact that P300 latencies were highest in the Center Speller, whereas an easier detection task would be associated with shorter latencies. Hence, neurophysiological evidence regarding the hardness of the attention task is not conclusive.
Furthermore, the classification rates revealed little or no difference between the Hex-o-Spell and the Cake Speller, despite our expectation that the Cake Speller should perform better because its faces extend to the point of fixation. We conjecture that this beneficial aspect of the Cake Speller might have been counteracted by the fact that the six faces adjoined each other in the Cake Speller but not the Hex-o-Spell. In other words, it might have been easier to deploy attention to the discs in the Hex-o-Spell and ignore the other discs because there was a clear spatial separation between them. An improved visual speller design could consider a compromise between both spellers. In particular, one could use triangular faces that extend close to the fixation point but that are spatially separated.
Optimization
The purpose of this study was to establish robust classification using gaze-independent visual BCIs. But in order to be useful for patients, a BCI warrants a sufficiently high information throughput. At the current speed and using ten repetitions, information throughput averages to about two characters or 9.8 bits per minute. However, as the offline analysis suggests, the number of repetitions can be cut down from ten to five repetitions with little performance loss, especially for the Center Speller. A more sophisticated approach is to implement a statistical evaluation of classifier outputs entailing stopping the stimulus sequence when there is enough evidence favouring a particular target [47] . The algorithm adapts the number of sequences online and, therefore, it can potentially account for changes in mental states (e.g., lapses of attention and fatigue).
Speed optimization should go hand in hand with a further robustification of the BCI. In particular, we pursue optimization of the visual presentation.
To this end, we performed an analysis of stimulus specific effects on classification. Although the present design does not allow us to fully dissociate the effects of the different visual features (location, colour and form), it seems that some spatial directions are more difficult to attend to than others and/or some colours and forms are more perceptually salient than others. In the Hex-o-Spell and the Cake Speller, the red, green and yellow elements were selected most often, suggesting that both contrast and semantic effects (e.g., red is a signal colour) might be relevant. In all three spellers, the grey element was selected least often, suggesting that the monochromatic elements are less salient than chromatic elements. In the Center Speller, it was striking that the hourglass-shaped element was the shape selected most frequently. We assume that this is due to the presence of edges at the point of fixation, which dovetails nicely with the fact that parts of the primary visual system serve as edge detectors [48] . Building on this analysis, we are currently conducting parametric experiments where the visual feature dimensions are dissociated. This allows us to estimate the contribution to classification success of each feature dimension and thereby also allows the identification of ideal combinations of features. Based on this, one could homogenize the perceptual salience of the different elements in order to balance the selection rates.
A different approach builds on the user's perception of BCI feedback. The presentation of erroneous classification output elicits a characteristic ERP, the so-called error potential [49] [50] [51] . To date, there have been few comprehensive studies investigating error potentials in online scenarios. Spüler [50] showed that the online detection of error potentials in a Matrix Speller increases communication speed, both for healthy participants and patients with motor disorders. Schmidt et al [52] performed online error detection using the Center Speller and reported a significant increase in communication speed. Overall, results suggest that the benefit of error potential detection correlates negatively with the accuracy of symbol classification. In other words, participants with low performance profit more than participants with high performance.
For clinical applicability, it is desirable to use only a small subset of electrodes for classification. Our offline classification results using different reduced montages support the idea that the number of electrodes can be cut from 64 to six electrodes without substantial loss of performance. However, in line with the literature [53] , we showed that a posteriori montages selected individually for each participant based on statistical criteria are more effective than pre-defined montages. It needs to be evaluated whether this selection is stable across sessions. If so, in clinical trials one might first perform a measurement using high-density EEG and subsequently determine a reduced electrode set tailored to the individual patient.
Gaze (in)dependence
The extent to which a BCI relies on eye movements is germane to the application of a BCI to patients with impaired eye movements. In a closed-loop system, eye gaze dependencies may arise at two distinct steps. First, the BCI may rely on visual stimulation. This is the case for the Matrix Speller, the BCIs presented here, and other BCIs based on visual ERPs or SSVEPs. Second, even if a BCI uses endogenous components (such as voluntary modulations of the sensorimotor rhythm), BCI feedback is often presented in the visual modality. To account for oculomotor impairments, the feedback should not require eye movements, or it should be presented in a different sensory modality.
The present study accompanies a gradual paradigm shift in various strands of BCI research. There is growing awareness that the issue of gaze (in)dependence is relevant and that gazeindependent BCIs form a significant complement to more conventional BCIs. So far, advances can be pinpointed for three types of visual BCI.
First, Acqualagna et al [54] used a rapid serial visual presentation (RSVP) paradigm, where 30 different symbols were presented at fixation in sequential bursts of ten symbols. A mean offline selection accuracy of up to 90% was obtained for selecting one symbol out of 30 (chance level 3.33%). Liu et al [42] and Aricó et al [55] successfully adapted the visual design of the Matrix Speller so as to make it less dependent on eye gaze. In both studies, a visual layout similar to the Hex-o-Spell was used, that is, six letters arranged in a circular fashion around a central fixation point. The main difference was that, upon an intensification, a set of letters was replaced by another set, with each set corresponding to a row or column of the Matrix Speller. High classification accuracies of over 80% [55] and over 90% [42] have been reported. Second, systems based on the steady state visually evoked potential (SSVEP) exploit the fact that stimulation by a flickering stimulus elicits an increase of spectral EEG power at the stimulation frequency [56] . Usually foveation of the flickering target is required [22] , but more recent research addressed the possibility of modulating the SSVEP independently of eye gaze using two different kinds of attention. In Kelly et al's study [57] , participants used covert spatial attention to select one out of two flickering targets, located to the left and right of the fixation point. Mean classification accuracy was 71%. In a different approach, Allison et al [58] used two overlapping flickering gratings. Participants attended to one of the gratings by means of nonspatial selective attention. Although classification was not performed, the authors reported a significant modulation of SSVEP amplitude by attention. Müller et al demonstrated that when attention is deployed to one of two overlapping dot clouds flickering at different frequencies, the SSVEP response to the attended stimulus is enhanced [59] . Subsequently, in a similar paradigm, Zhang et al [60] used two overlapping dot clouds rotating in opposite directions and flickering at different frequencies. The attended dot cloud could be classified with an accuracy of about 73%.
Third, a growing number of studies using EEG and MEG investigate the modulation of oscillatory alpha activity as a BCI input modality [57, [61] [62] [63] [64] [65] . Shifts of visual attention induce changes in oscillatory alpha activity. For covert attention shifts in different directions, the changes in alpha power have characteristic topographic distributions at occipital electrode sites. Kelly et al [66] were the first to show that alpha changes following attention shifts to the right or left form a viable input signal for visual BCIs. Using MEG, these results were expanded upon, showing that multiple directions of attention shifts can be differentiated [62, 63] and that arbitrary directions can be predicted [61] . Later, it was shown that these results transfer to EEG and that the best-classifiable pair of directions differs substantially across participants [64, 65] . The particular appeal of this approach is that it requires no external visual stimulation. In other words, instead of measuring the effects of selective attention on the neural response to visual stimulation, the process of orienting visual attention is directly tapped.
Limitations
Three caveats to present-day approaches to visual BCIs warrant consideration. First, approaches based on SSVEP and alpha activity currently yield feasible performance only when binary classification problems are considered. In contrast, the ERP spellers presented here address the selection of one out of 30 symbols (chance level 3.3%) with high accuracy. Consequently, information throughput is substantially higher for ERP spellers than for the other two approaches.
Second, in gaze-independent visual spellers, elements are usually either presented in a sequential fashion (such as in the Center Speller and in the RSVP speller [54] ) or located in the visual periphery (such as in the Hex-o-Spell and in the Cake Speller). In both cases, it might be hard to identify which feature and/or spatial location the participant should attend. For patients with severe oculomotor impairments, the possible choices should be indicated prior to the beginning of stimulation, which would create an experimental overhead. However, this overhead would apply only to the initial phase of BCI usage, since our experience is that spatial locations and visual features are quickly memorized and associated with target symbols.
Third, extreme cases of oculomotor impairment may pose problems even for gaze-independent BCIs. For instance, some patients suffer from involuntary gaze drifts. In such a case, the stimulus would slip into the visual periphery which could impair BCI performance. This problem applies mainly to ERP-based and SSVEP-based BCIs, because they rely on external stimulation. There are no countermeasures so far, but a possible scenario could be to keep track of the patient's eye gaze using an eyetracker and, in the case of a gaze drift, relocate the stimulus so that it is constantly foveated.
Conclusions
Using covert spatial attention and non-spatial feature attention, high-accuracy, fast-paced visual spellers can be realized that have a large vocabulary and that are independent of eye gaze. This broadens the scope of ERP spellers to recovering attentional focus independent of eye gaze. Potentially, this can benefit a larger patient population, including those patients that suffer from severely impaired eye movements.
